We have transferred a gene coding for rabbit (3globin into the male pronucleus of mouse zygotes by direct microinjection
bly introduced into thymidine kinase (TK)-deficient mutant mouse cells by DNA-mediated cotransformation using the rabbit f-globin gene and herpesvirus TK gene (tk) sequences (1) . This approach has been extended to use the cellular TK (2) , adenine phosphoribosyl transferase (3) , and hypoxanthine phosphoribosyltransferase (4, 5) genes as unlinked but selectable markers. Use of a mutant hamster gene coding for an altered dihydrofolate reductase as a selectable marker offering methotrexate resistance allows the introduction and amplification of a broad range of genetic elements into various cell lines (6) . Although these elegant cotransformation experiments make possible direct gene transfer between mammalian species, they are restricted to cell culture systems because only 1 cell in 105-107 is transformed, and these cells must be selected for in restrictive media.
Incorporation of specific genes into the genome of mammalian embryos would provide a useful in vivo system for analysis of the control of gene expression during differentiation. Because the low transformation efficiency of direct cotransformation makes this method unsuitable for embryo transformation,, alternative methods are required. Recently, high-efficiency transformation of cultured mammalian cells has been accomplished by direct microinjection of specific DNA sequences into the cell nucleus (7, 8) , suggesting that this method of cell transformation may be effective with embryos or fertilized eggs. Jaenisch and Mintz (9) using whole simian virus 40 and Gordon et aL (10) using a recombinant plasmid composed of segments of herpes simplex virus, simian virus 40, and bacterial plasmid pBR322 have provided evidence that DNA microinjected into mouse embryos may be found in the resultant offspring. The probability of formation of stably transformed mammalian embryos as a result of direct gene microinjection may depend on the stage of development of the egg or embryo at the time of injection. The optimal time for gene microinjection may coincide with the fertilization process.
Fertilization is a complex, multistep phenomenon initiated by the interaction and fusion of the spermatozoon and egg and culminated by the association of the two groups of chromosomes, one derived from the maternal pronucleus and the other derived from the paternal pronucleus. During the early stages of the fertilization process, just after the spermatozoon penetrates into the egg, the sperm nucleus undergoes a complex chromosomal decondensation process (11) (12) (13) after which the male chromosomal complement appears to undergo changes in chromosomal composition prior to merging with the female pronucleus (14) . Although little is known about this stage of fertilization in the mammal, studies of the sea urchin suggest that significant changes within the male pronucleus and chromatin are brought about by proteins emanating from the oocyte cytoplasm and female pronucleus (15, 16) . Microinjection of specific DNA sequences into the male pronucleus during pronuclear "processing" ofthe male chromosomes might result in the appropriate delivery ofthese sequences into the zygote nucleus along with the male chromosomal complement.
On the basis of these considerations, an estimated 20,000 copies ofeither purified rabbit (globin gene fragment or a rabbit (3-globin gene-containing plasmid were microinjected into male pronuclei of mouse zygotes. The resulting embryos were cultured in vitro to morulae or blastocysts and transferred into pseudopregnant foster mothers. We report here not only the presence of rabbit (3-globin gene in offspring developed from these microinjected mouse zygotes but also serological and electrophoretic evidence for the production of a rabbit globin protein in these mice.
MATERIALS AND METHODS
Collection ofZygotes. Fertilized.eggs at the pronuclear stage (the male and female pronuclei being separated and distinguishable within the cytoplasm) were collected from the oviducts of C57BL/6J females that had been mated to LT/Sv males. After removal of the surrounding cumulus cells in culture medium (17) with bovine testis hyaluronidase (1 mg/ml), pooled zygotes from several females were washed in fresh medium and stored, until micromanipulation, in a depression slide containing culture medium overlayered with paraffin oil in an atmosphere of 5% COJ5% 02/90% N2 at 3rC.
Micromanipulation. Injection pipets (external diameter, 1-2 g&m) and holding pipets (60-70 gm) were prepared from Pyrex tubing (1.2 mm; Corning) as described (18 
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Genetics: Wagner et aL pipets for holding and injection ofthe zygote was accomplished by using Leitz micromanipulators and paraffin oil-filled Hamilton syringes (TP 1750 LT). A small drop of culture medium with five or six zygotes and ofrabbit [globin chromosomal gene solution were placed on a special microscope slide and covered with paraffin oil. About 10 pl of either purified rabbit -globin fragment or Z-pCRI/RchrpG-1 plasmid (approximately 20,000 DNA molecules) was drawn into the injection pipet which was then moved to the drop containing the eggs. A zygote was positioned onto the holding pipet so that the male pronucleus was in juxtaposition to the injection pipet for subsequent injection ofthe 3globin gene solution into the pronucleus (Fig. 1) . After microinjection into all the zygotes, they were removed from the drop of medium on the microscope slide and placed in culture tubes (17) for preimplantation development during 5 days of culture. Eggs developing to morulae or blastocysts were transplanted into uteri of B6SJLFI hybrid foster mothers (day 3 of pseudopregnancy) and were carried to term.
Preparation of Rabbit 1-Globin Gene Fragment. Escherichia coli HB101 containing the hybrid plasmid Z-pCRI/ Rchr/3G-1 was kindly provided by R. Flavell (19) . The plasmid was extracted by using a lysozyme/Triton X 100/EDTA lysis procedure and purified by CsCVethidium bromide density gradient centrifugation followed by agarose gel electrophoresis in low-melting-point agarose. The purified plasmid which contained the rabbit f3-globin gene was then digested with Hha I [plasmid pCR1 has numerous Hha I sites whereas the 3-globin gene has none (19) ]. The 6200-base-pair 6globin gene DNA fragment (19) was then purified by electrophoresis of the Hha I digest in low-melting-point agarose. The ,3-globin fragment DNA band was extracted from the agarose by melting the gel at 650C and extracting with phenol. The (-globin gene fragments contained approximately 50 ,ug of DNA per ml.
Hb Preparation. Hb was prepared as a purified hemolysate from New Zealand White rabbits, control B6LTF1 hybrid mice, and B6LTF1 hybrid mice developed from zygotes microinjected with rabbit ,-globin gene DNA sequences. Erythrocytes were washed exhaustively with phosphate-buffered saline [0.15 M NaCl/0.01 M sodium phosphate, pH 7.2 (PJ/NaCl)], lysed in distilled water, and centrifuged at 12,000 x g for 10 min to remove the erythrocyte membrane. Prior to application ofthe Hb to agarose immunodiffusion plates, the solutions were filtered through a 0.45-,um filter and adjusted to a concentration of 100 mg/ml. Rabbit Globin. Rabbit globin was prepared from an erythrocyte hemolysate by acetone extraction ofthe heme-iron com- (20) . Packed, washed, rabbit erythrocytes were lysed in 2 ml of distilled water, and the resulting hemolysate was dripped slowly into a stirred solution of 60 ml of acetone and 1.2 ml of concentrated HC1 at -70TC. The resulting precipitated rabbit globin was allowed to stand for 15 min at -70TCin the extraction mixture; then it was washed twice with acetone at -20TC and dried under reduced pressure at liquid nitrogen temperatures. The dried precipitate was dissolved in 2 ml ofdistilled H20 and dialyzed exhaustively against PJNaCl.
F1 Hybrid Mouse Anti-Rabbit Hb Antiserum. Mouse antirabbit Hb antiserum was raised in B6LTF1 hybrid mice. Each animal received a500 Ag priming dose (subcutaneously, divided among four sites) of rabbit Hb in distilled water emulsified with an equal volume of complete Freund's adjuvant. After 1 and 2 weeks, all animals received second and third injections of 10 ,ug of rabbit Hb emulsified in incomplete Freund's adjuvant administered subcutaneously and intraperitoneally, respectively. After 4 weeks, each animal was injected intraperitoneally with 600 ,Ag of rabbit Hb in complete Freund's adjuvant. The immunized animals were bled after 5 weeks and the serum was separated, tested against rabbit Hb, and preserved in the presence of sodium azide.
Gel-Immobilized Rabbit Hb. Rabbit Hb (30 mg) was coupled to Sepharose 4B beads by reaction with 1 g of washed, CNBractivated Sepharose 4B (Pharmacia) in 0.1 M NaHCOJ0.5 M NaCl, pH 8.0, for 3 hr at room temperature. Then the beads were treated with 1 M Tris (pH 8.0) and the Hb-Sepharose gel was washed exhaustively to remove unbound Hb. The gel-immobilized rabbit Hb was used to prepare a miniature column for the selective removal of anti-rabbit Hb antibodies from immunized mouse serum.
Agarose Immunodiffusion. Reactivity of Hb antigens with mouse anti-rabbit Hb antiserum was detected by double-diffusion analysis on 1% agarose slides. Antigen wells contained 15 Al of each Hb antigen (100 mg/ml); the antibody well contained 15 Al ofanti-rabbit Hb antiserum. Each well was refilled twice during the 24-hr incubation at 37°C. Indirect Immunofluorescence Assay. Smears of washed erythrocytes fixed in methanol were incubated with partially purified mouse anti-rabbit Hb antiserum (from which the albumin fraction had been removed by precipitation with octanol at pH 5.5-6.0) for 30 min at 37°C, washed in PJNaCl, and treated with mouse tissue-absorbed, fluorescein-labeled, goat anti-mouse gamma globulin (Antibodies, Inc., Davis, California). The immunofluorescent stained cells were then washed in PJNaCl for 15 min and observed by UV fluoresence microscopy.
Isoelectric Focusing. Saline-washed blood cells were lysed and the hemolysate was prepared for focusing as described by Whitney et aL (21) . Focusing was performed in 6 x 120mm tube gels containing 1% zero-Mr agarose (Bio-Rad) and 2% Ampho-
.!AA, sow. (B) . The gels were loaded with 0.7 mg of hemolysate protein and photographed immediately after completion of focusing. The bands are not fixed or stained. All bands ob-+ served were red and were in the region pH 7.2-pH 7.0. 4 hr. Filters were exposed to Kodak X-Omat (XR-7) film at -700C with an intensifier screen for 7 days.
RESULTS
Zygote Micro'mjection. Data illustrating the pre-and postimplantation development of the microinjected zygotes are compiled in Table 1 .
Immunodiffusion Analysis. Washed erythrocytes were prepared from blood samples taken from each of the offspring resulting from the injected hybrid mouse zygotes and analyzed by an indirect immunofluorescence assay using B6LTF1 hybrid mouse anti-rabbit Hb antiserum and fluorescein-labeled goat anti-mouse gamma globulin. Although a significant number of the samples showed some positive immunofluorescence compared to the nonfluorescent control B6LTF1 hybrid mouse erythrocytes, the immunofluorescence intensity of the individual samples varied. Five samples (nos. 4, 12, 20, 24 , and 26) which showed a distinct positive immunofluorescence reaction were pooled and used for the following immunodiffusion and isoelectric focusing analysis.
Agarose gel immunodiffusion using F1 hybrid mouse antirabbit Hb antiserum showed a major band ofprecipitation with the control rabbit Hb, no evidence of precipitation with Hb prepared from control mice, and a major band of precipitation with Hb prepared from the mice that developed from the treated zygotes ( Fig. 2 Left). The major precipitation band between the experimental mouse Hb and the mouse anti-rabbit Hb antiserum shows a pattern of fusion, indicating serological identity with non-heme-contaning globins prepared from rabbit Hb (Fig. 2 Right) .
In order to establish that the immunoprecipitation bands between the B6LTF1 hybrid mouse anti-rabbit Hb antiserum and the Hb preparation from mice developed from zygotes microinjected with rabbit -globin genes were the result of a specific immunological reaction, a control immunodiffusion analysis was performed with B6LTF1 hybrid mouse anti-rabbit Hb antiserum that had been absorbed by passage through a column containing rabbit Hb bound to Sepharose 4B. The absorbed antiserum showed no reactivity with either rabbit Hb or the Hb from the mice from the treated zygotes. Isoelectric Focusing Analysis. The B6LTF1 hybrid normal mice of Hb type Hbbs-Hbaa-Hbab showed a major Hb band and two minor bands cathodal to the major band (pH 7.0-7.2, the pI range for both rabbit and mouse Hb) upon isoelectric focusing of their hemolysates (Fig. 3) . Hemolysates from the B6LTF1 hybrid mice developed from treated zygotes also showed these three Hb species and an additional band anodal to the major Hb band. Overloaded isoelectric focusing gels of normal B6LTF1 hybrid mouse hemolysates and hemolysates from mice developed from treated zygotes showed additional bands at and below pH 6.8, the approximate pI offree globin chains (Fig. 4 ) An additional band is present in the experimental B6LTF1 hybrid mouse hemolysate in this region of the pH gradient.
Hematology. The hemoglobin concentration, erythrocyte concentration, and hematocrit values for the five experimental mice were greater than those of normal control B6LTF1 mouse blood ( Table 2) . Also, the reticulocyte concentration in the experimental mouse blood was increased 5-fold or greater over the normal B5LTF1 control mouse blood, suggesting a mild thalassemia in the mice developed from zygotes microinjected with the rabbit ,B-globin gene.
Progeny Immunodiffusion Analysis. Mice (nos. 24 and 26) that were bled for the pooled immunodiffusion analysis sample were mated; and no. 24 gave birth to eight offspring. Of the six surviving offspring (two died shortly after birth), five were sacrificed and their hemolysates were analyzed against B6LTF1 hybrid mouse anti-rabbit Hb antiserum. All five progeny showed a distinct immunoprecipitation band between their Hb A B FIG. 4. Isoelectric focusing of hemolysates from experimental mice developed from B6LTF1 zygotes microinjected with rabbit P-globin gene (A) and from normal B6LTF1 hybrid mice (B). Gels were loaded with 3.1 mg of hemolysate protein. The gel scan shown represents the region of the gel from pH 7.0 to pH 6.5. After focusing, the gels were fixed and stained with Coomassie brilliant blue R-250 and were scanned at 590 nm. Two bands with a pI in the 6.8 region are seen in the experimental hemolysate; only one band with that pI is seen in the normal control B6LTF1 hemolysate. wells and the antiserum well and showed four distinct Hb bands upon isoelectric focusing.
Analysis of Mouse Chromosomal DNA for Rabbit ,-Globin DNA Sequence. DNA from the liver ofone ofthe experimental B6LTF1 hybrid mice (no. 24) was digested with Taq I. This digest was analyzed by Southern hybridization using the plasmid Z-pCRI/Rchr3G-1 as a 32P-labeled probe. The Taq I digest of the experimental mouse liver DNA showed a fragment, at the same position as the 2.7-kilobase fragment from a Taq I digest of Z-pCRI/Rchrf8G-1, hybridizing with the probe (Fig.  5 ). This Taq I fragment arising solely from within the 6-kilobase rabbit genomic insert in Z-pCRI/Rchr1BG-1 (25) substantiates the presence of the rabbit ,B3globin gene in the genome of the B6LTF1 hybrid experimental mouse (no. 24) which was suggested, by immunodiffusion and Hb isoelectric focusing analysis, to contain rabbit globin protein. The additional smaller fragments hybridizing with the probe arose from other sequences within the plasmid.
DISCUSSION
New technologies have made possible the isolation and cloning ofDNA sequences coding for specific gene products. The stable introduction of these gene sequences into the genome of mammalian zygotes would facilitate the study of gene expression during development and in mature animals derived from these zygotes.
In the present study, we have demonstrated the presence of rabbit ,B-globin gene sequences in the genome of one of our experimental mice developed from zygotes microinjected with this purified rabbit gene. The presence of a 2.7-kilobase fragment from within the 6-kilobase rabbit genomic insert in the Z-pCRI/RchrfG-1 plasmid in the Taq I digest of the experimental mouse liver DNA confirms the presence of the rabbit gene in mouse no. 24. The results shown in Fig. 5 do not disclose whether or not the rabbit gene sequences are integrated into the mouse chromosome or, if integrated, what the position of this integration might be.
We have also demonstrated the presence ofan additional Hb component in the erythrocytes of these experimental mice as well as the presence of what appears to be an additional globin species by isoelectric focusing analysis. That these new molecular species in the erythrocytes of the experimental mice may result from the synthesis of a rabbit globin protein is suggested by serological reactivity between experimental mouse hemolysates and mouse anti-rabbit Hb antiserum. Evidence for the production of a rabbit globin protein in the experimental mice is provided by three observations. A characteristically red-colored Hb species not present in control B6LTF1 hybrid mouse erythrocytes is observed as a distinct band at pH 7.0 in the isoelectric focusing profile of hemolysates from the experimental B6LTF1 hybrid mice (Fig. 3) . The observation of another unique component present in the experimental mouse hemolysates and banding at pH 6.8 near free mouse globin chains in the isoelectric focusing profile (Fig.  4) suggests that a unique globin species is present in some of the experimental mice both as free globin chains and in intact Hb molecules. Additionally, a distinct band of precipitation is observed, during agarose double-diffusion analysis, between the wells containing a Hb preparation from the experimental mice and the well containing mouse anti-rabbit Hb antiserum whereas Hb prepared from control F1 hybrid mice showed the complete absence of any reaction with the antiserum (Fig. 2 Left). This precipitation band also showed complete identity with a precipitation band observed between a rabbit globin preparation and the antiserum (Fig. 2 Right) . Finally, absorption of the mouse anti-rabbit antiserum with gel-immobilized rabbit Hb abolishes the reaction between the absorbed antiserum and Hb prepared from the experimental mice. This observation greatly lessens the possibility that any antibodies other than anti-rabbit Hb antibodies caused the precipitation reaction with Hb from the experimental mice. This serological evidence is strengthened by the genetic strain identity between the mice used to produce anti-rabbit Hb antiserum and the experimental mice. This identity diminishes the possibility that spurious immunological crossreactivity may have occurred. The results confirm the production ofwhat appear to be at least small amounts of rabbit globin in the erythrocytes of mice developed from zygotes microinjected with rabbit (-globin gene sequences.
Mice developed from zygotes microinjected with the rabbit f-globin gene show increased values for erythrocyte concentration, Hb concentration, hematocrit, and reticulocyte concentration suggestive ofincreased erythropoiesis ( Table 2 ). This observation suggests that these mice may be mildly thalassemic resulting from an overproduction of (-globin chains.
One of the mice bled for the immunodiffusion studies (no. 24) and eventually sacrificed in order to obtain the experimental mouse liver DNA was mated to a male showing Hb immunoreactivity with anti-rabbit Hb antiserum. All of the offspring from this mating that were analyzed also showed Hb immunoreactivity with the anti-rabbit antiserum and displayed four Hb bands in their isoelectric focusing profiles. This observation suggests that the rabbit (-globin gene introduced into our experimental mice by direct zygote microinjection may be heritable.
Expression of the rabbit 3-globin gene in mice that developed from zygotes microinjected with DNA sequences containing this gene may be dependent upon three important factors in our experimental protocol. The gene sequences were introduced into the zygote at the site of the male pronucleus, allowing for the acceptance of these DNA sequences along with the male chromosomal complement during the merger of the zygote pronuclei (14) . Also, the rabbit 3-globin gene sequence in both the gene fragment and the intact Z-pCRI/Rchr(3G-1 plasmid introduced into the mouse zygote pronucleus, and previously shown to function and produce rabbit (3-globin mRNA in mouse L cells in culture (26) , contained a 233-base-pair sequence upstream from the cap site of the structural gene (19) , which included the Hogness-Goldberg T-A-T-A (27) and the C-A-A-T sequences (28) believed to be important for translation of the genetic message in vivo (28) . It also may be significant that the gene introduced into the mice (i.e., rabbit (3-globin Z-pCRI/Rchrl3G-l or its Hha I fragment) shows extensive sequence homology with the mouse /3-globin sequence (19) .
Thefuill significance ofthe work reported here awaits further characterization of the unique globin protein present in the transformed mice and elaboration of the exact relationship of the introduced rabbit (-globin gene to the total mouse genome as well as the fidelity with which it is expressed and transmitted to the progeny ofthe original recipient mice. However, it is not premature to suggest that precise alteration of the genetic and phenotypic makeup of individual animals may now be possible.
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